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Multi-component solutions, especially binary ones, are frequently used as solvents for 
many applications, such as chemical reactions and extractions. In such applications, 
solutesolute, solutesolvent, and solventsolvent interactions in solutions are affected by 
properties of solutions. Properties of solutions should arise from their mixing state at the 
molecular level. Therefore, mixing states of solutions at the molecular level are essential in 
understanding chemical reactions and equilibria. 
For molecular liquids (MLs)water solutions, the heterogeneity of the solutions at the 
molecular level may affect chemical reactions and equilibria. Acetonitrilewater binary 
solutions, which are used as eluents for high performance liquid chromatography (HPLC), 
have been investigated by using small-angle neutron scattering (SANS) techniques to directly 
observe their mixing state at a mesoscopic level.
1
 The results of SANS experiments revealed 
that acetonitrile is heterogeneously mixed with water in the acetonitrile mole fraction range of 
0.2  xAN  0.6. The heterogeneity of the acetonitrilewater solutions is most enhanced at xAN 
= 0.3 and 0.4 in the xAN range examined. Nishikawa et al. have conducted small-angle X-ray 
scattering (SAXS) measurements on 1-propanol (1-PrOH)water and 2-propanol 
(2-PrOH)water solutions at 293 K.2 The results showed that the heterogeneity of both 
solutions is most enhanced at alcohol mole fraction xA = 0.2. However, the magnitude of the 
maximum heterogeneity of the 1-PrOHwater solutions is larger than that of 2-PrOHwater 
solutions, suggesting that the miscibility of 1-PrOH with water at the molecular level is 
smaller than that of 2-PrOH. 
Recently, ionic liquids (ILs) are focused as novel solvents. ILs have unique properties, 
such as extremely low vapor pressure, thermal stability, nonflammability, high polarity, and 
electroconductivity. Hence, ILs have been used as novel solvents in various fields of organic 
synthesis, catalysis, electrochemistry, and material separation, such as HPLC and 
liquidliquid extraction.39 Moreover, ILwateracetonitrile ternary mixtures, where 
3 
 
acetonitrile was added to reduce the viscosity of ILwater mixtures, were employed as a 
stationary phase to a countercurrent chromatography (CCC).
10
 This revealed that several 
aromatic compounds can be separated by the CCC using mixtures of ILs and MLs. In such 
researches, ILs are frequently used by mixing with conventional MLs to change their 
physicochemical properties, such as viscosity, polarity, and conductivity.
4,1114
 To progress 
applications of ILs, elucidation of mixing states of ILs and MLs at the molecular level is very 
important.  
There have been several reports on mixing states of IL and water solutions.
14,1519
 For 
example, Bowers et al. have observed aggregation behavior of imidazolium-based ILs in their 
aqueous solutions by surface tension, conductivity, and small-angle neutron scattering 
(SANS) measurements.
15





)water solutions using SANS 
measurements.
18
 This showed that C4mim
+
BF4
water solutions are heterogeneously mixed 
with each other in the water mole fraction range of 0.84  xw  0.99 with a maximum at xw = 




 in aqueous solutions has been discussed on the 
basis of the CH vibration modes for the alkyl groups within imidazolium cation by means of 
attenuated total reflection infrared (ATR-IR) and Raman spectroscopy.
21
  





) and n-hexane, acetonitrile, and methanol using 
MD simulations.
22,23
 Methanol molecules form hydrogen bonds with the imidazolium 
hydrogen atoms and the fluorine atoms of PF6

. On the other hand, n-hexane molecules 
favorably interact with the alkyl chain of the imidazolium cation because n-hexane is a 
nonpolar molecule. Acetonitrile molecules can interact with both the imidazolium hydrogen 
atoms and the alkyl chain. However, there have been few reports on mixing states of ILs and 
MLs observed by using experimental techniques. 
4 
 
In the present thesis, the author has investigated mixing states of imidazolium-based ILs 
and MLs at the molecular level using experimental methods. In Chapter 2, effects of the 
alkyl-chain length of the imidazolium cation on mixing state of imidazolium-based ILs and 
methanol were investigated using SANS, ATR-IR, and NMR techniques. Chapter 3 describes 
investigations on mixing state of imidazolium-based ILs and benzene by SANS, NMR, 
ATR-IR, and large-angle X-ray scattering measurements. On the basis of the results from the 
present investigations, mixing states of ILs and MLs at the molecular level are summarized 
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Effects of Alkyl-chain Length on Mixing State of  






Many researchers have focused on 1-alkyl-3-methylimidazolium (Cnmim
+
)-based ionic 
liquids to elucidate changes in the properties of the ILs with varying the alkyl-chain length n. 
Lopes and Pádua have performed molecular dynamics (MD) simulations to clarify 









) with n = 212.1 They have concluded that microphase separation between polar 
domains and nonpolar domains occurs in the ILs: the polar domain consists of the positively 
charged imidazolium rings and anions, while the nonpolar domain is formed by interaction 
among the alkyl chains of the imidazolium cations. The longer the alkyl chain, the more the 
microphase separation progresses in the ILs. Triolo et al. have conducted small-angle X-ray 








 at 298 K with varying the 
alkyl-chain length from n = 3 to 10.
2
 A peak appears at the momentum transfer q of 0.25 Å1 
in SAXS spectra of the ILs. The intensity of the peak strengthens and its position shifts to the 
low q as the alkyl chain is elongated. Based on these experimental results, they have 
concluded microphase separation due to formation of polar and nonpolar domains and the 
growth of the nonpolar domains with increasing the chain length.  





 and n-hexane, acetonitrile, water, and methanol using MD simulations.
3,4
 The 
MD results have shown that n-hexane molecules favorably interact with the alkyl chain of the 
imidazolium cation, while water and methanol form hydrogen bonds with the imidazolium 
hydrogen atoms and the fluorine atoms of PF6

. Acetonitrile molecules can interact with both 
the imidazolium hydrogen atoms and the alkyl chain. Voth et al. have succeeded to visualizing 




 by addition of water using 
MD simulations.
5
 In the water mole fraction range of xH2O < 0.8, water molecules are 
9 
 
hydrogen-bonded with the oxygen atoms of nitrate ion in the polar domains. As the water 




 is weakened 
by intruding water clusters enhanced around nitrate ions. Thus, the polar domains are 
disrupted. This induces the weakening of the hydrophobic interaction among the alkyl groups 
in the nonpolar domains.  
Experimental techniques have also been adopted to investigate ILmolecular liquid 
solutions. In aqueous solutions, imidazolium-based ILs may form micelles.
6,710
 Bowers et al. 












 in their 
aqueous solutions by surface tension, conductivity, and small-angle neutron scattering 
(SANS) measurements.
7
 Investigations on liquidliquid equilibria of imidazolium-based 
ILalcohol solutions11,12 have revealed that an upper critical solution temperature (UCST) of 
the solutions decreases with increasing the alkyl-chain length of the imidazolium cation. Thus, 
the mixing state of imidazolium-based ILalcohol solutions definitely depends on the 









 at several 
mole fractions of the molecular liquids.
13









 aggregate in acetonitrile and methanol solutions, respectively. However, exact 
concentrations of the maximum aggregation have not been determined.  
Despite these efforts on ILmolecular liquid solutions, influences of the alkyl-chain 
length on a mixing state of imidazolium-based IL and molecular liquids at the molecular level 
have not been systematically and directly clarified using experimental techniques, such as 
X-ray and neutron scattering methods. In particular, the loosening of the polar and nonpolar 








 with n = 4, 6, 8, 10, and 12 (Fig. 
2-1). Methanol was adopted as cosolvent because methanol is the simplest nonaqueous 
solvent and these ILs can be mixed with methanol at any ratio. SANS measurements at 298 K 
were carried out on Cnmim
+
TFSA
CD3OD solutions to observe the heterogeneity of the 
solutions at various methanol mole fractions xCD3OD. In addition, attenuated total reflectance 
infrared (ATR-IR) measurements were conducted on Cnmim
+
TFSA
CH3OH solutions with 
varying xCH3OH. The concentrations of isolated and hydrogen-bonded methanol molecules of 




CH3OH solutions in terms of electron densities of the hydrogen and 




C NMR spectra of the solutions were recorded at 












































 (n = 4, 6, 8, 10, and 12) were synthesized according to the conventional 
method previously reported.
14




 were estimated to be less than 
300 ppm by a Karl-Fisher titration. Deuterated methanol, CD3OD, (Cambridge Isotope 





 due to the largely different scattering lengths of D and H atoms 
(6.67 and 3.74 fm, respectively). CH3OH (Wako Pure Chemicals, grade for HPLC) was 




C NMR experiments.  
 
2-2-2. Sample Solutions 





CD3OD at required xCD3OD under a dry nitrogen atmosphere in a glove-box to avoid moisture 
and replacement of D atoms of CD3OD with H atoms. Compositions of the sample solutions 
for SANS experiments are listed in Table 2-1. Cnmim
+
TFSA





C NMR experiments were prepared in the xCH3OH range from 0 to 0.99. Densities 
of the sample solutions were measured at 298.2 K with an electronic densimeter (Anton Paar 
GmbH, DSA5000) for analysis of SANS and ATR-IR data. 
 
2-2-3. SANS Experiments 
SANS experiments were conducted on the Cnmim
+
TFSA
CD3OD solutions using the 
SANS-U spectrometer installed at reactor JRR-3M in the Japan Atomic Energy Agency 
(JAEA), Tokai, Japan. The sample solutions were kept in a quartz cell of 10 mm in width, 40 
mm in height, and 2 mm in sample thickness. The temperature of the solutions was controlled 
13 
 
at 298.20.1 K. The wavelength of incident neutron beam was  = 7.0 Å. A two-dimensional 
position-sensitive detector was placed at camera lengths of 1 and 4 m to cover the momentum 
transfer q (= 41sin) range of 0.0150.3 Å 1.15,16 The scattering intensities from the 
sample solution were collected with the detector at the camera lengths of 1 and 4 m for 10 
min and 1 h, respectively. The observed intensities were corrected for background by 
subtraction of intensities of an empty cell, and then normalised by dividing the intensities for 
each sample solution by those for F200-0, a standard low density polyethylene.  
 
2-2-4. ATR-IR Spectroscopy 




CH3OH solutions over the entire xCH3OH range at a room temperature using an 
FT-IR spectrometer (JASCO, FT/IR-6100) equipped with ATR diamond prism (JASCO, 
PKS-D 470 with ATR PRO450-S). During the measurements, the light path in the 




 to eliminate moisture 
and carbon dioxide. The absorption spectra were accumulated for 64 times per sample with a 
resolution of 4.0 cm
−1
. In the ATR-IR spectroscopy, the absorption occurs in the evanescent 
wave penetrating into the sample, resulting in a decrease in the amplitude of irradiated light. 















Here,  represents the wavelength of the light,  is the incident angle (45), n1 and n2 are the 
refractive indexes of diamond prism (2.42) and sample solution, respectively. Thus, the 
wavelength dependence of the penetrate depth must be corrected to exactly determine a peak 
area for each absorption band. In the present experiments, the reflective indexes of the 
14 
 
samples at 298 K were determined using a digital Abbe refractometer (ATAGO, DR-A1) to 
correct the path length of the light for the spectra. 
 




C NMR spectra of the Cnmim
+
TFSA
CH3OH solutions were recorded at 298 K 
on an FT-NMR spectrometer (JEOL, JNM-AL300). An external double reference tube 
(Shigemi), which has a capillary shape with a blown-up sphere at its base, was inserted into 
the sample tube (Shigemi, PS-001-7). Hexamethyldisiloxane (HMDS) (Wako Pure Chemicals, 




C atoms. The observed 
chemical shifts were corrected for the volume magnetic susceptibility of a sample solution 
using an external double reference method as described below.
1821
 A couple of NMR signals 
of the reference substance at the sphere and capillary parts is observed in an NMR spectrum. 
The difference in the chemical shifts between the two parts, Δδref/ppm, is related to the 
volume magnetic susceptibility of a sample solution s and the reference substance r as 
ref = (s  r)×10
6
, (2-2) 
where  denotes the shape factor for the reference tube. The  value has been determined in 
advance of sample measurements from the ref data for CDCl3, (CD3)2SO, C6D12, C6D6, and 
(CD3)2CO measured at 298 K, as the s values of them are available from the literature.
18
 
Hence, the diamagnetic effect of a sample solution on the reference substance can be 
corrected on the observed chemical shift obs through 
corr = obs  (4/3)(s  r)×10
6
 = obs  (4/3)ref, (2-3) 




2-3. Results and Discussion 
2-3-1. SANS Experiments 
Fig. 2-2 shows neutron scattering intensities of the Cnmim
+
TFSA
CD3OD solutions with 
n = 412 at various xCD3OD. For the solutions with n = 48 below xCD3OD = 0.7 (volume 




CD3OD, a peak appears at q = 0.22 Å
 1
. As shown by the SAXS 
measurements,
2
 these features arise from the inherent interactions in pure ILs. In fact, the 
intensity of the peak decreases with decreasing IL content. For all the solutions below xCD3OD 
= 0.7, significant SANS intensities are not observed. This suggests thus that methanol 




 in the range of xCD3OD ≤ 
0.7. The SANS intensities of the Cnmim
+
TFSA
CD3OD solutions gradually rise with 
increasing xCD3OD from 0.8 (CD3OD  0.3) to 0.97 (CD3OD  0.8), showing that the 
concentration fluctuation of the solutions is gradually enhanced. However, the SANS 
intensities of the solutions are decreased at xCD3OD = 0.99. These findings reveal that the 




 and methanol molecules is the most heterogeneous in the 
solutions at xCD3OD  0.97. 
To evaluate the heterogeneity of the Cnmim
+
TFSA
CD3OD solutions, the SANS 
intensities above xCD3OD = 0.8 or 0.9 were fitted by a least-squares refinement procedure 










 , (2-4) 
where I0 is the scattering intensity at q = 0,  and B.G. represent the OrnsteinZernike 
correlation length and background intensities, respectively. The theoretical values (solid lines, 
Fig. 2-2) obtained by the least-squares fits well reproduce the observed ones. The 
16 
 
OrnsteinZernike correlation lengths  determined are listed in Table 2-1 and plotted as a 
function of xCD3OD in Fig. 2-3. The  values of the C4mim
+
TFSA
CD3OD solutions increase 
with increasing xCD3OD and reach a maximum at xCD3OD = 0.95. In contrast, a maximum of the 
 of the Cnmim
+
TFSA
CD3OD solutions with n = 612 appears at the higher mole fraction 
of xCD3OD = 0.97. Thus, the mole fraction of the maximum  is independent of the alkyl-chain 
length of the imidazolium cation, except for C4mim
+
. This finding suggests that hydrogen 
bonding among methanol molecules mainly governs the heterogeneous mixing state of the ILs 
and methanol. However, the maximum  value of the solutions increases with increasing the 
alkyl-chain length.  
Fig. 2-3 reveals that the heterogeneous mixing of the solutions is observed in the very 




D2O solutions reported by Almásy et al.
22
 The  values and the KirkwoodBuff 
integral values determined by SANS experiments on C4mim
+
BF4





 and D2O are heterogeneously mixed with each other in the water mole fraction 








D2O solutions, i.e., the less heterogeneity of the former. This is attributed to the 












Table 2-1. Mole fractions xCD3OD and volume fractions CD3OD of methanol for Cnmim
+
TFSA
CD3OD solutions and their OrnsteinZernike 




CD3OD   C6mim
+
TFSA
CD3OD   C8mim
+
TFSA
CD3OD   C10mim
+
TFSA




xCD3OD CD3OD ξ   xCD3OD CD3OD ξ   xCD3OD CD3OD ξ   xCD3OD CD3OD ξ   xCD3OD CD3OD ξ 
0.500  0.122    0.500  0.111    0.500  0.102    0.501  0.0937    0.502  0.0874   
0.601  0.173    0.600  0.158    0.600  0.145    0.600  0.134    0.600  0.125   
0.700  0.245    0.701  0.226    0.700  0.209    0.700  0.194    0.700  0.182   
0.800  0.358  1.1(1)  0.800  0.333  0.6(1)  0.800  0.311    0.800  0.292    0.800  0.276   
0.900  0.556  1.8(1)  0.900  0.529  1.5(1)  0.900  0.504  1.4(1)  0.900  0.482  1.3(1)  0.900  0.461  1.7(1) 
0.950  0.726  1.9(1)  0.950  0.703  1.9(1)  0.950  0.682  2.0(1)  0.950  0.662  2.0(1)  0.950  0.644  2.5(1) 
0.970  0.818  1.8(1)  0.970  0.807  2.0(1)  0.970  0.785  2.1(1)  0.970  0.770  2.3(1)  0.970  0.755  2.6(1) 
0.990  0.933  1.2(1)  0.990  0.925  1.5(1)  0.990  0.918  1.8(1)  0.990  0.911  2.0(1)  0.990  0.904  2.1(1) 
                        0.995  0.954  1.4(1)   0.995  0.950  1.7(1) 
a
The values in the parentheses are standard deviation of the last figure. 
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Fig. 2-2. SANS intensities of Cnmim
+
TFSA
CD3OD solutions at various CD3OD mole 
fractions ((a) n = 4; (b) 6; (c) 8; (d) 10; (e) 12). The values in the parentheses are those shifted 
from the origin to avoid overlap of the plots. The solid lines show the results of least-squares 
fits using Eq. (2-4). 
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Fig. 2-3. OrnsteinZernike correlation lengths  of Cnmim
+
TFSA
CD3OD solutions as a 




2-3-2. ATR-IR Spectroscopy 
Fig. 2-4 shows representative ATR-IR spectra of the C12mim
+
TFSA
CH3OH solutions in 
the wavenumber range from 2600 to 3800 cm
−1
. The spectra were corrected for the 





 (xCH3OH = 0), three small peaks at 3096, 3121, and 3158 cm
−1
 are attributed to 
the asymmetric CH vibration of the methyl groups and the C2H and C4,5H vibrations of 
the imidazolium ring, respectively.
2325
 Large and sharp peaks at 2856 and 2926 cm
−1
 and a 
shoulder at 2957 cm
−1
 arise from various CH vibrations of both methyl and dodecyl 
groups.
2325
 In the spectrum of pure methanol (xCH3OH = 1), four peaks at 2830, 2913, 2945, 
and 2982 cm
−1
 are assigned to the CH stretching vibrations of methanol.26 A large and broad 
peak at 3323 cm
−1
 in the spectra of the C12mim
+
TFSA
CH3OH solutions is assigned to the 
OH stretching vibration HB of hydrogen-bonded methanol molecules. A small peak at 3562 
cm
−1
 observed in the spectra of the solutions is ascribed to the OH stretching vibration I of 
isolated methanol molecules. Thus, methanol molecules exist in the two different states, the 
isolate and hydrogen-bonded molecules, in the ILs. This is in agreement with the previous 















To estimate the concentrations of both isolated and hydrogen-bonded methanol molecules, 
the two peaks at 3562 and 3323 cm
−1
 were fitted using a pseudo-Voigt function consisting of 
Lorentzian and Gaussian to deconvolute them into each component. Then, the amounts of the 
isolated and hydrogen-bonded methanol molecules were estimated from the areas of the I 
and HB bands, respectively. The molar absorption coefficient of the I band was first 
determined from the spectrum of the Cnmim
+
TFSA
CH3OH solution at xCH3OH = 0.1 on the 
approximation that no methanol molecules form hydrogen bonds with themselves. Indeed, the 
area of the HB band at the mole fraction is negligible. The concentrations of the isolated 
 21 
 
methanol molecules of the solutions at the other methanol mole fractions were then estimated 
from the area of the I band using the molar absorption coefficient determined. In contrast, the 
concentrations of the hydrogen-bonded methanol molecules were obtained by subtracting the 
concentration of the isolated methanol molecules from that of the total methanol molecules.  
Fig. 2-5 shows the concentrations of the isolated and hydrogen-bonded methanol 
molecules of the Cnmim
+
TFSA
CH3OH solutions as a function of xCH3OH. The significant 
alkyl-chain length dependence is not observed in the change in each concentration with 
increasing xCH3OH. The concentrations of the isolated methanol molecules of all the solutions 
increase to 2.0 mol dm−3 as the xCH3OH increases to 0.8, but drastically decrease with further 
increasing xCH3OH. Thus, an inflection point appears at xCH3OH  0.8. The concentrations of the 
hydrogen-bonded methanol molecules gently increase with increasing xCH3OH to  0.7. 
However, those conspicuously increase with increasing xCH3OH from 0.7 to 0.99, resulting in 
an inflection point at xCH3OH  0.8. The inflection point at xCH3OH  0.8 in both concentrations 
agrees with the results of the SANS measurements; the significant SANS intensities of the 
solutions begin to appear at xCH3OH  0.8. This coincidence strongly suggests the significant 
change in the mixing state of the Cnmim
+
TFSA
methanol solution at xCH3OH  0.8. As seen 
in Fig. 2-5, in the range of xCH3OH < 0.8 the concentrations of the hydrogen-bonded methanol 
are comparable with those of the isolated molecules. Thus, methanol molecules exist as both 





. On the other hand, in the range of xCH3OH > 0.8 the concentrations of the 
hydrogen-bonded methanol become much higher than those of the isolated ones; i.e., most of 
the methanol molecules form aggregates by the hydrogen bonds among them in the solutions. 
Thus, the heterogeneity of the Cnmim
+
TFSA
methanol solutions observed by the SANS 




Fig. 2-5 reveals that the change in the state of methanol molecules with increasing xCH3OH 
is almost independent of the alkyl-chain length of Cnmim
+
. However, the molarities of both 





. In Fig. 2-6, thus, the ratios of the concentrations of the isolated and 
hydrogen-bonded methanol to the total concentration of methanol are replotted against xCH3OH. 
The changes of both ratios with increasing xCH3OH are still almost independent of the 
alkyl-chain length of the ILs, although the difference among the ratios at each xCH3OH becomes 
larger in the lower mole fraction range. In particular, the ratios of the hydrogen-bonded 
























Fig. 2-4. ATR-IR spectra of C12mim
+
TFSA
CH3OH solutions at various xCH3OH. The arrows 
indicate the increase in the xCH3OH. 
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CH3OH solutions as a function of xCH3OH. The standard deviations  are 
indicated as error bars. 
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Fig. 2-6. Ratios of the concentrations of (a) isolated and (b) hydrogen-bonded methanol 
molecules to the total concentration of methanol of Cnmim
+
TFSA
CH3OH solutions as a 







C NMR Chemical Shifts 












CH3OH solutions is strongly deshielded with increasing xCH3OH (Fig. 
2-7). The change in the chemical shift of the methanol hydroxyl hydrogen with increasing 
xCH3OH is almost independent of the alkyl-chain length of the ILs, as well as the ATR-IR 
results. Thus, the growth of the hydrogen bonds among methanol molecules does not 
significantly depend on the alkyl-chain length of the ILs. The methyl carbon atom is shielded 
with increasing xCH3OH. This is caused by the hydrogen bonds of the hydroxyl group. In 
general, a hydrogen atom of a molecule becomes more positive by hydrogen bonding with 
other molecules.
18
 Thus, the shielding of the methanol methyl carbon with increasing xCH3OH 
may arise from a flow of electrons from the hydroxyl group to the methyl carbon. In the 
changes in the chemical shifts of the methyl hydrogen and carbon atoms of methanol with 
increasing xCH3OH, an inflection point appears at xCH3OH  0.8, whereas that the chemical shifts 
of the hydroxyl hydrogen atoms is indistinct. This may be attributed to influence of structural 
change of the ILs on the methanol methyl group because the methyl group is allowed to 
orientation toward the outside of methanol clusters by hydrogen bonding. In contrast, the 
values of the methanol hydroxyl hydrogen are given as the weighted averages of the chemical 
shifts for the isolated and hydrogen-bonded molecules. 
In all the Cnmim
+
TFSA
CH3OH solutions, the imidazolium and methyl hydrogen atoms 
of the cations are moderately deshielded with increasing xCH3OH to 0.8. The deshielding of 
the hydrogen atoms becomes more remarkable above xCH3OH  0.8. This results in an 
inflection point at xCH3OH  0.8. The inflection point at xCH3OH  0.8 is in agreement with the 
results of the SANS and ATR-IR measurements. The same tendency is shown in the shifts of 
 27 
 
the imidazolium carbon atoms. The NMR results reveal that the inherent structure of ILs 
around the imidazolium ring drastically changes at xCH3OH  0.8. The significant deshielding 
of the imidazolium hydrogen and carbon atoms above xCH3OH  0.8 may be ascribed to 
interaction between the imidazolium hydrogen atoms and methanol, such as CHO weak 
hydrogen bond due to the increase in the methanol content. In fact, the changes in the 
chemical shifts of the most positive H2 and C2 atoms with increasing xCH3OH are more 
significant compared to the other atoms.
28,29
 However, the methyl carbon C6 atom is shielded 
with increasing xCH3OH. This may be because the electrons of the imidazolium ring flow to the 





C chemical shifts of the imidazolium cation and the methanol 
methyl group at each mole fraction in the range of xCH3OH < 0.8 depend on the alkyl-chain 
length. For instance, the chemical shift of the H2 atom at each mole fraction is larger in the 
order of the chain length from n = 4 to 12. In contrast, the chemical shifts of all the solutions 
almost overlap among them in the range of xCH3OH > 0.8. A similar tendency is observed in 





with the different alkyl-chain lengths may cause the order of the chemical shifts of Cnmim
+
 
below xCH3OH  0.8. The formation of the hydrogen bonds among methanol molecules may be 





is gradually loosened in the solutions above xCH3OH  0.8. The imidazolium hydrogen atoms 
often interact with methanol due to the increase in the methanol content. The interaction 
between the imidazolium hydrogen atoms and methanol is not largely different among the 
Cnmim
+
 with n = 412. Thus, the 1H and 13C chemical shifts of the imidazolium cation and 
methanol do not depend on the alkyl-chain length of Cnmim
+
 above xCH3OH  0.8.  
In contrast to Cnmim
+





 hardly changes against the increase in the methanol mole fraction to xCH3OH  0.9. 
Above xCH3OH  0.9, the TFSA

 carbon atoms are slightly deshielded. The previous 




 by large-angle X-ray scattering 
technique and MD simulations shows that the H2, H4, and H5 atoms of C2mim
+
 interact with 




 Thus, the constant values of the 
trifluoromethyl carbon atoms below xCH3OH  0.9 suggest that the interactions between the 
TFSA

 oxygen atom and the imidazolium hydrogen atoms are kept in the solutions. However, 
the deshielding of the carbon atoms above xCH3OH  0.9 is ascribed to the replacement of 
TFSA












































































H NMR chemical shifts of Cnmim
+
TFSA
CH3OH solutions as a function of 






































































C NMR chemical shifts of Cnmim
+
TFSA
CH3OH solutions as a function of 




2-4. Effects of the Alkyl-chain Length 
On the basis of the results from the SANS, ATR-IR, and NMR measurements, the mixing 
state of the Cnmim
+
TFSA
methanol solutions with increasing xCH3OH can be concluded as 




 is kept in the 
solutions. The concentration of hydrogen-bonded methanol molecules conspicuously 




methanol solutions becomes significant at xCH3OH  0.8. This is due to 
the growth of methanol clusters by hydrogen bonding in the IL structure. The heterogeneity of 
the solutions is most notably enhanced at xCD3OD  0.97 over the entire range. Interestingly, 
these two mole fractions of the Cnmim
+
TFSA
methanol solutions are independent of the 
alkyl-chain length of Cnmim
+
, except for C4mim
+
. Moreover, the variations in the 
concentrations of the isolated and hydrogen-bonded methanol molecules estimated by the 
ATR-IR measurements and the NMR chemical shifts with increasing xCH3OH do not 
remarkably depend on the alkyl-chain length. We consider a plausible reason for these 
features of the Cnmim
+
TFSA
methanol solutions as follows. 
As shown by the previous MD investigation,
1
 the imidazolium rings and TFSA

 may 




, while the alkyl chains 
interact among them to form the nonpolar domains. In the solutions, methanol clusters by 





methanol is a polar molecule. The OrnsteinZernike behaviour of the SANS spectra of the 
solutions suggests that methanol clusters do not have a definite shape like a micelle in the 
solutions. They are spinodally evolved in the inherent structure of the ILs with increasing 




This is the same as the increase in the heterogeneity of binary solutions of molecular liquids, 
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such as acetonitrilewater31 and 1,4-dioxanewater solutions.32 In the range of xCH3OH < 0.8, 
methanol clusters are not remarkably evolved in the Cnmim
+
TFSA
methanol solutions due 





 is not significantly disrupted in this xCH3OH range. This is proved by the 




C NMR in the range of xCH3OH < 0.8. As 
shown by the ATR-IR measurements, methanol molecules exist as isolated molecules and 
small aggregates such as dimer in the ILs, but not strongly interact with the imidazolium ring 
and TFSA

 because of no sites of strong hydrogen bonding within both ions. Hence, the 
mixtures of the ILs and methanol cannot be considered as homogeneous solutions even in the 
rage of xCH3OH < 0.8. However, methanol clusters notably grow in the polar domains with 
further increasing xCH3OH from 0.8. Thus, the microphase separation between the polar and 
nonpolar domains in the ILs more progresses as the xCH3OH increases. The strengthening of the 
SANS intensities of the Cnmim
+
TFSA
CD3OD solutions is attributed to the contrast between 
the polar domains that involve CD3OD clusters and the nonpolar domains of the alkyl groups. 
The aggregation of methanol molecules is mainly affected by the polar domain of ILs but not 
by the nonpolar domain of the alkyl chains. The properties of the polar domains, particularly 




 studied, as 
discussed on the NMR results. This is the reason why the mole fraction of the maximum 
heterogeneity of the Cnmim
+
TFSA
methanol solutions does not remarkably depend on the 
alkyl-chain length.  
However, the maximum correlation length  of the solutions at xCD3OD  0.97 becomes 
larger in the order of the alkyl-chain length from n = 6 to 12. This is because the longer the 











 shows that the correlation length  reaches the maximum at the lower 
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mole fraction of xCD3OD  0.95 compared to the other ILs. This arises from the blurred 




 due to the short alkyl chain.  





 in the polar domains may be loosened in the 





C NMR data of the imidazolium cations reveal the solvation of the imidazolium 
ring by methanol. Moreover, the deshielding of the carbon atoms of TFSA

 observed by the 
13
C NMR measurements suggests the replacement of TFSA

 at the imidazolium hydrogen 
atoms by methanol and the solvation of TFSA






 is weakened, and then the repulsive force begins to act between the imidazolium 
rings in the polar domains. This leads to the loosening of the interaction between the alkyl 









CD3OD solutions at xCD3OD = 0.99. This loosening process of the polar and 
nonpolar domains of the ILs with increasing methanol mole fraction agrees with the previous 
expectation on ILwater solutions from the MD simulations.5 
The structural change of all the Cnmim
+
TFSA
methanol solutions begins at xCH3OH  0.8, 
as shown by the ATR-IR and NMR results. This may be attributed to the three sites of weak 
CHO hydrogen bonds between the imidazolium ring and methanol. Thus, three methanol 
molecules are necessary to occupy the sites of the imidazolium ring, corresponding to xCH3OH 
= 0.75. In practice, however, more than three methanol molecules are needed to interact with 
the imidazolium hydrogen atoms due to the equilibrium of the weak hydrogen bonds between 
them. This leads to the delayed inflection points at xCH3OH  0.8 and 0.9 in the ATR-IR and 
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, n = 2, 4, 6, 
8, 10, and 12), with benzene exhibit unusual phase diagrams.
1,2




benzene solutions showed that the immiscible region of the solutions is 
reduced with increasing alkyl-chain length of the imidazolium ring of the cations. As the 
alkyl-chain length increases up to n = 12, the phase separation of the solutions was not 
observed at any ratio under a room temperature.
2
 These findings suggest that imidazolium 





 with benzene. To improve application of ILs, such as separation techniques 
(aromaticaliphatic separation using ILs,3,4 solute extraction in biphasic aromatic-ionic liquid 
systems
5




benzene solutions.  
To evaluate interaction of aromatic moleculebenzene and aromatic cationbenzene 
complexes, Tsuzuki et al. have reported geometries and interaction energies of benzene 
complexes with pyridine, pyridinium, N-methylpyridinium estimated by ab initio molecular 
orbital calculations.
6
 They have concluded that the interactions in the pyridinium and 
N-methylpyridinium complexes should be categorized into a cation interaction, because the 
electrostatic and induction interactions greatly contribute to the attraction between a cation 
and a  system. On the other hand, the interaction in the benzene-pyridine complex is a  
interaction. Therefore, the interaction between imidazolium rings of the cations and benzene 
should also be categorized into a cation interaction. The calculations also revealed that a 
cation interaction is significantly strong compared to a  interaction. Thus, imidazolium 
rings of Cnmim
+






There have been several reports for the interaction between the imidazolium ring of the 




C6H6 1:1 inclusion crystal.
7
 They have concluded that the interactions 
between C2mim
+
 and benzene are mainly cation interactions between the imidazolium ring 
of C2mim
+
 and the  electrons of benzene. Moreover, the previous investigation on the 




 using MD simulations have shown that 





 Thus, imidazolium rings 
of the cations occupy positions above and below the plane of the benzene aromatic ring. The 
















 can be mixed with benzene at any ratio under an ambient 
temperature.
2
 To observe the heterogeneity of C12mim
+
TFSA
benzene solutions at a 








C NMR spectra of the solutions 
were measured at 298 K to clarify the mixing state of C12mim
+
TFSA
C6H6 solutions in 




 and benzene. 
Additionally, ATR-IR spectra of C12mim
+
TFSA
C6H6 solutions were recorded at 298 K to 
observe CH out-of-plane bending vibration C6H6 of benzene in the solutions. The change in 
the mixing state of the solutions may be reflected in the variation in the wavenumber for the 
C6H6 band as a function of xC6H6. Furthermore, large-angle X-ray scattering (LAXS) 
measurements were made on C12mim
+
TFSA
C6H6 solutions at various xC6H6 to elucidate the 




































) with the position-numbers of the hydrogen and carbon atoms. 
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 was synthesized according to the same method as that described in 




 synthesized was estimated to be less than 
300 ppm by a Karl-Fisher titration. Deuterated benzene, C6D6, (Cambridge Isotope 





 due to the largely different scattering lengths of D and H atoms 





C NMR, ATR-IR, and LAXS experiments.  
 
3-2-2. Sample Solutions 





C6D6 at required xC6D6. Compositions of the sample solutions for SANS experiments are listed 
in Table 1. C12mim
+
TFSA




C NMR, ATR-IR, and LAXS 
experiments were prepared in the entire xC6H6 range from 0 to 1. Densities of the sample 
solutions at 298.2 K were measured using an electronic densimeter (Anton Paar GmbH, 
DSA5000) for analysis of SANS and LAXS data. 
 
3-2-3. SANS Experiments 
SANS experiments were conducted on the C12mim
+
TFSA
C6D6 solutions using the 
SANS-U spectrometer installed at reactor JRR-3M in the Japan Atomic Energy Agency 
(JAEA), Tokai, Japan. The sample solutions were kept in a quartz cell of 10 mm in width, 40 
mm in height, and 2 mm in sample thickness. The temperature of the solutions was controlled 
at 298.20.1 K. The wavelength of incident neutron beam was  = 7.0 Å. A two-dimensional 
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position-sensitive detector was placed at camera lengths of 1, 4, and 8 m to cover the 
momentum transfer q (= 41sin) range of 6.41030.35 Å1.10,11 The scattering intensities 
from the sample solution were collected with the detector at the camera lengths of 1, 4, and 8 
m for 3, 30, and 60 min, respectively. The observed intensities were corrected for background 
by subtraction of intensities of an empty cell, and then normalized by dividing the intensities 
for each sample solution by those for F200-0, a standard low density polyethylene.  
 




C NMR spectra of the C12mim
+
TFSA
C6H6 solutions were recorded at 298 K 
on an FT-NMR spectrometer (JEOL, JNM-AL300). An external double reference tube 
(Shigemi), which has a capillary shape with a blown-up sphere at its base, was inserted into 
the sample tube (Shigemi, PS-001-7). Hexamethyldisiloxane (HMDS) (Wako Pure Chemicals, 




C atoms. The observed 
chemical shifts were corrected for the volume magnetic susceptibility of a sample solution 
using an external double reference method as described elsewhere.
1216
 The digital resolutions 




C NMR measurements were 0.0012 and 0.017 ppm, 
respectively. 
 
3-2-5. ATR-IR Spectroscopy 




C6H6 solutions over the entire xC6H6 range at a room temperature using an 
FT-IR spectrometer (JASCO, FT/IR-6100) equipped with ATR diamond prism (JASCO, 
PKS-D 470 with ATR PRO450-S). The absorption spectra were accumulated for 64 times per 
sample with a resolution of 4.0 cm
−1
. In the ATR-IR spectroscopy, original spectra were 
corrected for the penetrate depth dp of the evanescent wave per reflection by the diamond 
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3-2-6. LAXS Experiments 
LAXS measurements at 298 K were conducted on the C12mim
+
TFSA
C6H6 solutions at 
xC6H6 = 0, 0.5, 0.8, 0.9, 0.95, 0.97, 0.99, 0.995, and 1. A rapid liquid X-ray diffractometer 
(Bruker AXS, DIP 301) with an imaging plate (IP) (Fuji Film Co.) as a two-dimensional 
detector was used in the present LAXS experiments. Details of the diffractometer have been 
described in the literature.
17,18
 X-rays were generated at a rotary Mo anode (Rigaku, RU-300) 
operated at 50 kV and 200 mA and monochromatized by a flat graphite crystal to obtain Mo 
K radiation (wavelength  = 0.7107 Å). The sample solutions were sealed into a glass 
capillary (W. Müller Co.) of 2 mm inner diameter with wall thickness of 0.01 mm during 
measurements. The scattering intensities for the sample solution were accumulated on the IP 
for 60 min and those for an empty capillary were also measured as background. The observed 
range of the scattering angle (2θ) was 2109, corresponding to the scattering vector s (= 
41sinθ) of 0.3514.4 Å1.  
First, two-dimensional X-ray data measured on the IP were corrected for polarization and 
then integrated to obtain onedimensional data.
17
 Then, the intensities for the samples and 
empty capillary were corrected for absorption.
18
 The contribution of the sample solution alone 
was obtained by subtracting the intensities for empty capillary from those for the sample. 
Finally, the corrected intensities were normalized to absolute units by conventional 
methods.
1921
 The structure function, i(s), for the sample solution was obtained as previously 
reported
22
 and then Fourier transformed into the radial distribution function, D(r), in a usual 
manner.
22
 In the data treatment, the stoichiometric volume V was chosen to contain one 
carbon atom in the C12mim
+
TFSA







3-3. Results and Discussion 
3-3-1. SANS Experiments 
Fig. 3-2 shows neutron scattering intensities of the C12mim
+
TFSA
C6D6 solutions at 
various xC6D6. The SANS intensities of the C12mim
+
TFSA
C6D6 solutions at xC6D6 = 0.8 




 is homogeneously mixed with C6D6 below 
xC6D6 = 0.8. On the other hand, the SANS intensities of the C12mim
+
TFSA
C6D6 solution at 




 begins to heterogeneously mix with 
C6D6 at the mole fraction. As the mole fraction further increases, the SANS intensities of the 
solutions drastically increase. In the range of xC6D6 ≥ 0.9, the heterogeneity of the solutions is 
enhanced with increasing benzene content. However, the SANS intensities of the solutions are 
drastically decreased at xC6D6 = 0.995. 
To evaluate the heterogeneity of the C12mim
+
TFSA
C6D6 solutions, the SANS intensities 










 , (3-1) 
where I0 is the scattering intensity at q = 0,  and B.G. represent the OrnsteinZernike 
correlation length and background intensities, respectively. The theoretical values (solid lines, 
Fig. 3-2) obtained by the least-squares fits well reproduce the observed ones. The 
OrnsteinZernike correlation lengths  determined are listed in Table 1 and plotted as a 
function of xC6D6 in Fig. 3-3. The  value of the solutions at xC6D6 = 0.8 could not be estimated 
because of not significant SANS intensities. As shown by the previous investigation on the 




 (where n = 2, 4, 6, 8, 10, 
and 12) with benzene
1,2




 with benzene 
increases with increasing the alkyl-chain length of Cnmim
+
. This suggests that the longer the 
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 even at xC6D6 = 0.8, which corresponds to C6D6  0.46. Benzene 
molecules may not remarkably aggregate with themselves to form benzene clusters in the 
solutions at the mole fraction. In the range of xC6D6 ≥ 0.9, the  values of the solutions 





 may aggregate each other and the size of aggregates is most grown at xC6D6 = 0.99. As 
the mole fraction further increases beyond the maximum of the  value, the  values of the 





 due to the solvation of both ions by the large amount 












































Fig.3-2. SANS intensities of C12mim
+
TFSA















Fig. 3-3. OrnsteinZernike correlation lengths  of C12mim
+
TFSA
C6D6 solutions as a 
function of xC6D6. The standard deviation  is indicated as error bars. 
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and OrnsteinZernike correlation lengths determined by SANS experiments.a 
xC6D6 C6D6 Å
0.800  0.455   
0.900  0.653   3.1(1) 
0.950  0.799  10.8(1) 
0.970  0.871  22.9(1) 
0.980  0.911  39.0(1) 
0.990  0.954  50.0(1) 
0.995  0.977  31.6(1) 
a








C NMR Chemical Shifts 








solutions as a function of xC6H6, respectively. The imidazolium and methyl hydrogen atoms of 
C12mim
+
 are shielded with increasing xC6H6. The same tendency is shown in the chemical 
shifts of the imidazolium and methyl carbon atoms of C12mim
+
. In general, an atom affected 
by ring current effect of aromatic molecules is shielded. Thus, the shielding of the hydrogen 
and carbon atoms of the imidazolium ring and methyl group is attributed to influence of ring 
current of benzene molecules. These findings reveal that the imidazolium ring of C12mim
+
 is 
solvated by benzene molecules through the cation interaction. In fact, the previous 




 by MD simulations shows that the 
C2 carbon atoms of the C2mim
+
 occupy the polar regions above and below benzene plane 





 This is because the 
quadrupole moment, which lies normal to the plane of C6H6 molecules, is negative (around 
30×1040 C m2). 
In the range of xC6H6 ≥ 0.9, the NMR chemical shifts of the H2 and C2 atoms scarcely 
change with increasing xC6H6. This results in an inflection point at xC6H6  0.9. The same 
tendency is shown in the chemical shifts of trifluoromethyl carbon atoms of TFSA

. The 
inflection point at xC6H6  0.9 agrees with the results of the SANS measurements; the 
significant SANS intensities of the solutions appear at xC6H6 = 0.9. As shown by the previous 




 by LAXS technique and MD 
simulations, the H2, H4, and H5 atoms of C2mim
+
 interact with the oxygen atoms of the 




 Moreover, the electron density of the H2 atom is lower than 
that of the H4 and H5 atoms. Thus, the oxygen atoms of TFSA

 strongly interact with the H2 






C6H6 mixtures previously reported has shown the existence of 
hydrogen-bond-like interactions between the oxygen atoms of TFSA

 and the hydrogen atoms 
of C6H6 molecule.
7






 However, the oxygen atoms of TFSA

 cannot strongly 




because of the low acidity of the hydrogen atoms of benzene molecules. Therefore, the 
interaction between the H2 atom of C12mim
+
 and the oxygen atoms of TFSA





C6H6 solutions may be almost kept even in the range of xC6H6 ≥ 0.9. Thus, 
the imidazolium rings of C12mim
+
 aggregate with benzene molecules and TFSA

 to form 
ILbenzene clusters in the solutions above xC6H6  0.9. 
In contrast to the H2 and C2 atoms, the H4, H5, C4, and C5 atoms of C12mim
+
 are shielded 
above xC6H6  0.9. This may reflect that the interaction between the oxygen atoms of TFSA

 
and the H4 and H5 atoms is weakened with increasing xC6H6. As the mole fraction further 
increases above xC6H6  0.99, the H4, H5, C4, and C5 atoms of C12mim
+
 are remarkably 
shielded with increasing xC6H6. Thus, an inflection point appears at xC6H6  0.99 in the changes 
in the chemical shifts of the H4, H5, C4, and C5 atoms as a function of xC6H6. The inflection 
point at xC6H6  0.99 is in agreement with the results of the SANS measurements. The 
remarkable shielding above xC6H6  0.99 may be attributed to influence of  electrons of 
benzene molecules on the H4, H5, C4, and C5 atoms. This suggests that the H4 and H5 atoms 
form interaction with  electrons of benzene molecules, such as CH··· interaction. On the 
other hand, the H2 atom cannot form CH··· interaction with benzene molecules due to the 
interaction between the H2 atom and the oxygen atoms of TFSA

. 
The change in the 
13
C NMR chemical shift of the terminal methyl groups of C12mim
+
 as a 
function of xC6H6 is almost flat. In addition, the hydrogen atoms of the terminal methyl groups 
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are hardly shielded with increasing xC6H6 to  0.8. These results suggest that the terminal 
methyl groups are scarcely affected by benzene molecules in the range of xC6H6  0.8. With 
further increasing xC6H6, the hydrogen atoms are shielded. Kasahara et al. have reported that 
the hydrogen atoms of methylene and methyl groups of hexane in the hexane-benzene 
solutions are shielded with increasing benzene content.
26
 This is because the hydrogen atoms 
are affected by  electrons of benzene molecules, showing that the methyl groups can interact 
with benzene molecules. Thus, the shielding of the hydrogen atoms of the terminal methyl 
groups of C12mim
+
 above xC6H6  0.8 is ascribed to the solvation of the terminal methyl 
groups by benzene molecules. However, the chemical shift of the hydrogen atoms of the 
terminal methyl groups is smaller than that of the imidazolium hydrogen atoms. Thus, 
benzene molecules more favorably interact with the imidazolium ring of C12mim
+
 compared 
to the terminal methyl group. 
Figs. 3-4 and 3-5 reveal that the chemical shifts of the hydrogen and carbon atoms of 
benzene in the C12mim
+
TFSA
C6H6 solutions hardly change with increasing xC6H6 to  0.7. 
In the range of xC6H6 ≥ 0.8, the hydrogen and carbon atoms are shielded with increasing xC6H6. 
Thus, an inflection point appears at xC6H6  0.8. This suggests that the state of benzene 
molecules in the solutions changes at xC6H6  0.8. The shielding of the hydrogen and carbon 
atoms above xC6H6  0.8 may be ascribed to the formation of benzene clusters in the solutions 
due to the increase in the benzene content. In the range of xC6H6  0.7, most of the benzene 

































































































































H NMR chemical shifts of C12mim
+
TFSA
C6H6 solutions as a function of xC6H6. 
The inset figures show 
1
H NMR chemical shifts of each atom in the xC6H6 range from 0.94 to 



















































































































































C NMR chemical shifts of C12mim
+
TFSA
C6H6 solutions as a function of xC6H6. 
The inset figures show 
13
C NMR chemical shifts of each atom in the xC6H6 range from 0.94 to 
1. The standard deviations  are indicated as error bars. 
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3-3-3. ATR-IR Spectroscopy 
Fig. 3-6 shows ATR-IR spectra of the C12mim
+
TFSA
C6H6 solutions in the wavenumber 
range from 550 to 900 cm
1




 (xC6H6 = 0), five peaks at 
570, 600, 615, 654, and 740 cm
1
 are assigned to the CF3 antisymmetric bending, the SO2 
antisymmetric bending vibration, another SO2 antisymmetric bending vibration, the SNS 





Small three peaks in the wavenumber range from 750 to 900 cm
1
 are attributed to the 
HCCH antisymmetric bending vibration (758 and 790 cm1) and NC(H)N bending 
vibration (846 cm
1
) of the imidazolium ring, respectively.
28
 In the spectrum of pure benzene 
(xC6H6 = 1), a large peak at 667 cm
1
 arises from the CH out-of-plane bending vibration, 
C6H6, of benzene.
29
 In this investigation, we focused on the C6H6 band. To determine the 
wavenumber for the C6H6 band of each solution, the ATR-IR spectra were fitted by a 
pseudo-Voigt function consisting of Lorentzian and Gaussian components. 




C6H6 solutions as a function of xC6H6. The C6H6 band monotonically shifts to 
a lower frequency with increasing xC6H6 to 0.7. In the range of xC6H6 ≥ 0.8, the low frequency 
shift of the C6H6 band becomes more remarkable, resulting in an inflection point at xC6H6  
0.8. The inflection point agrees with the results of the NMR chemical shifts of the hydrogen 
and carbon atoms of benzene as a function of xC6H6 (Figs. 3-4 and 3-5). The coincidence 
suggests the change in the state of benzene molecules in the C12mim
+
TFSA
C6H6 solution at 
xC6H6  0.8. 




can be observed at higher frequencies compared to that of pure benzene (xC6H6 = 1). As shown 
by the previous investigation, effects of nonpolar solvents, such as cyclohexane and n-heptane, 
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on the wavenumber for the C6H6 band of benzene are scarcely observed, while the C6H6 band 
of benzene in polar solvents, such as acetone and acetonitrile, shifts to higher frequencies.
29
 
This suggests that the C6H6 band of benzene shifts to higher frequencies as benzene 
molecules are solvated by polar solvents. Thus, the high frequency shift of the C6H6 band in 




 on benzene 
molecules. X-ray diffraction data for the C2mim
+
TFSA
C6H6 1:1 inclusion crystal have 
shown the existence of hydrogen-bond-like interactions between the oxygen atoms of TFSA

 
and the hydrogen atoms of benzene. The similar interactions are shown in the solvation 






 Therefore, the CH out-of-plane bending 
vibration of benzene is restricted by TFSA

 at the low xC6H6 range due to the interactions 
between TFSA

 and benzene. Indeed, the wavenumber of the C6H6 band of crystal benzene is 
larger than that of liquid benzene, suggesting that the C6H6 band shifts to higher frequencies 























Fig. 3-6. ATR-IR spectra of C12mim
+
TFSA
C6H6 solutions at various xC6H6. The arrows 





















Fig. 3-7. Wavenumber for the CH out-of-plane bending vibration C6H6 of benzene as a 




3-3-4. LAXS Experiments 




C6H6 solutions obtained by Fourier transformation for the structure function 











 (xC6H6 = 0) are ascribed to 




; the first peak is assigned to the 
CC, CN, NS, and S=O bonds, the second peak is assigned to the nonbonding interactions 
of C···C, C···N, and S···S. Two broad peaks at around 5.6 Å and 10 Å are mainly attributed 













 interactions, respectively. The RDF of the solution at xC6H6 = 0.5 does not 









 changes at the benzene mole fraction by adding benzene. On the 
other hand, the RDF at xC6H6 = 0.8 is compared to that of pure benzene (xC6H6 = 1), showing 
that the structure that is mainly formed in the C12mim
+
TFSA
C6H6 solution at xC6H6 = 0.8 of 
pure benzene even thought the benzene volume fraction C6H6 at the mole fraction 




 may be drastically loosened in 
the solutions above xC6H6  0.8. 
To clarify the changes in the RDFs for the C12mim
+
TFSA
C6H6 solutions, Fig. 3-9 
displays the differential RDFs (DRDFs) for the C12mim
+
TFSA
C6H6 solutions obtained by 













 and C6H6 of the solutions. In the range of r  8 Å, two peaks appear at 3.8 




 and C6H6. 





 benzene molecules 
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occupy positions above and below the plane of the imidazolium ring of C2mim
+
. The same 
result is shown in the liquid structure of C2mim
+
TFSA
C6H6 solutions investigated by MD 
simulations.
8,24
 Thus, the two peaks around at 3.8 and 7.5 Å are mainly ascribed to cation 
interactions between the imidazolium ring of C12mim
+
 and the  electrons of benzene and the 
first neighbor benzene···benzene interaction.  
In the range of r ≥ 8 Å, a peak appears at around 12 Å. This peak is higher compared to 
the two peaks at around 3.8 and 7.5 Å. This suggests that the peak at around 12 Å mainly 




 interaction because TFSA

 is composed of larger atoms, 
such as F and S, compared to C12mim
+
. In contrast to the peak at around 12 Å, a valley 




, the peak at around 10 Å is 






 Thus, the valley in the DRDFs arises from 









distance in the C12mim
+
TFSA
C6H6 solutions is lengthened by adding benzene due to the 
formation of the cation interaction between the imidazolium ring of C12mim
+
 and benzene. 



















 interaction is kept and exists 
at the distance of 12 Å. This suggests that the imidazolium rings of C12mim
+
 aggregates with 
benzene molecules and TFSA

 in the solutions with the distance between TFSA

 of 12 Å. 
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 xC6H6 = 0.97
         
          









Fig. 3-8. RDFs in the form of D(r)  4r20 for C12mim
+
TFSA
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Fig. 3-9. Differential RDFs for C12mim
+
TFSA




 and C6H6 from the 














 is homogeneously 
mixed with benzene below xC6H6 0.9. Benzene molecules cannot aggregate with themselves 
to form clusters in the C12mim
+
TFSA





 is heterogeneously mixed with benzene. IL and benzene clusters begin to 




solutions is most enhanced at xC6H6  0.99. However, the heterogeneity of the solutions is 
decreased at xC6H6 = 0.995. We considered a plausible reason for the change in the mixing 
state of the C12mim
+
TFSA
benzene solutions with varying benzene content as follows.  
As reported in the literature,
32









, while the dodecyl 




solutions, the NMR and ATR-IR results reveal that benzene molecules favorably interact with 
the polar domains compared to the terminal methyl groups. In addition, one imidazolium ring 






 This suggests that one imidazolium ring can interact with two benzene 





, but not in the nonpolar domains in the solutions below xC6H6  0.66. With 
further increasing benzene content, benzene molecules begin to interact with the dodecyl 
groups in the nonpolar domains. Thus, IL and benzene clusters are not remarkably evolved in 
the solutions below xC6H6 0.9. However, the heterogeneity of the solutions is notably 
enhanced with further increasing from xC6H6 0.9, showing that IL and benzene clusters are 




 cannot accept benzene 
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reveal that IL and benzene clusters do not have a definite shape like a micelle in the solutions. 
The same tendency is shown in Cnmim
+
TFSA
methanol solutions.16 This suggests that IL 
and benzene clusters are spinodally evolved in the solutions. As shown by the NMR 




 in the polar domains may be 
almost kept even in the range of xC6H6 ≥ 0.9. Thus, the polar domains can aggregate with 
benzene molecules to form ILbenzene clusters with increasing benzene content. In contrast, 
benzene clusters may be mainly formed around the nonpolar domains composed of the 
dodecyl groups because benzene is a nonpolar molecule. The strengthening of the SANS 
intensities of the C12mim
+
TFSA
benzene solutions is attributed to the contrast between IL 
clusters by aggregation of the polar domains containing benzene molecules and benzene 
clusters formed around the nonpolar domains.  
As the mole fraction further increases beyond the maximum of the heterogeneity, the 
heterogeneity of the C12mim
+
TFSA
benzene solutions is decreased. The size of IL clusters is 





 due to the solvation of both ions by the larger amount of 
benzene molecules. However, the NMR results reveal that the interaction between the H2 
atom of C12mim
+
 and the oxygen atoms of TFSA

 in the C12mim
+
TFSA
benzene solutions is 
almost kept even in the range of xC6H6 ≥ 0.9. In contrast to the H2 atom, the NMR chemical 
shifts of the H4, H5, C4, and C5 atoms of C12mim
+
 reveal that the H4 and H5 atoms form 
CH··· interaction with  electron of benzene molecules above xC6H6  0.995. These 
findings suggest that the imidazolium ring of C12mim
+
 is additionally solvated by benzene 
molecules above xC6H6  0.995, resulting in the weakening of the interaction between the 






benzene solutions is decreased at xC6H6 = 0.995. 
The maximum  value (50.0 Å) of the C12mim
+
TFSA
benzene solutions is larger than by 
a factor of 19 that (2.6 Å) of the C12mim
+
TFSA
methanol solutions (see Table 2-1 in 
Chapter 2). This suggests that the growth of IL clusters in benzene is more remarkable than 
that in methanol. In fact, phase separation of the C12mim
+
TFSA
benzene solutions occurs 
below 17 K from a room temperature,2 while C12mim
+
TFSA
methanol solutions do not 










. However, the interaction between the hydrogen atoms of benzene 
and the oxygen atoms of the SO2(CF3) groups of TFSA

 may be weaker than that between 
the hydrogen atom of hydroxyl group of methanol and the oxygen atoms of TFSA

. This 
shows that benzene molecules cannot strongly solvate TFSA

 compared to methanol 
molecules. Therefore, the significant growth of IL clusters by aggregation of the polar 
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methanol solutions have been investigated. On the basis of the results from 




 in the 








, is most enhanced at xCH3OH  0.97 over the entire mole fraction 
range. The results of ATR-IR and NMR measurements suggested that methanol molecules 
drastically aggregate with themselves by hydrogen bonding above xCH3OH  0.8. However, the 





, but not by the alkyl chain of Cnmim
+
. Additionally, the magnitude of the 
heterogeneity of the solutions is larger in the order of the alkyl-chain length from n = 4 to 12. 





, and methanol clusters and the nonpolar domains of the 
alkyl chains. 




solutions. NMR and ATR-IR measurements revealed that benzene molecules favorably 




 compared to the terminal methyl groups. 
The polar domains are containing benzene molecules at the high xC6H6 region. The SANS 




 is heterogeneously mixed with benzene in the 
narrow benzene mole fraction range 0.9  xC6H6  0.995 with a maximum at xC6H6 = 0.99. 
Benzene clusters are mainly evolved around the nonpolar domains composed of the dodecyl 
chains. In contrast, IL clusters are formed by aggregation of the polar domains involving 
benzene molecules. The heterogeneity of the C12mim
+
TFSA
benzene solutions arises from 
IL clusters composed of the polar domains that contain benzene molecules and benzene 
clusters evolved around the nonpolar domains. As the mole fraction further increases beyond 
xC6H6 = 0.99, benzene molecules interact with H4 and H5 atoms of C12mim
+
 by CH··· 
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interactions, resulting in the loosening of the interaction between the polar domains. This is 
the reason why the magnitude of the heterogeneity of the solutions are decreased at xC6H6 = 
0.995. 
In this thesis, the author has investigated mixing states of imidazolium-based ILs and MLs at 
the molecular level using experimental methods. When ILML solutions are utilized as 
solvents, chemical reactions and equilibria are affected by their mixing states. It is thus 
expected that the present investigations on ILML solutions contribute to further development 
of applications of ILs in many fields. 
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